This paper explores three issues related to the 2000 Centers for Disease Control and Prevention growth charts. First, it clarifies the methods that were used to create the charts as it has become apparent that the smoothing techniques have been somewhat misunderstood. The techniques included smoothing-selected percentiles between and including the 3rd and 97th percentiles and then approximating these smoothed curves using a procedure to provide the transformation parameters, lambda, mu, and sigma. Only the selected percentiles were used in this process due to small sample sizes beyond these percentiles. Second, given the concern that the infant charts were created with relatively few data points in the first few months of life, it compares the original observed percentiles with percentiles that include newly available US national data for the first few months of life. Third, it discusses the issues that arise if a 99th percentile is extrapolated based on the lambda, mu, and sigma parameters. The 99th percentile of the body mass index-for-age chart has been recommended to identify extremely obese children, yet the 97th percentile is the highest available percentile on the Centers for Disease Control and Prevention growth charts.
primarily to the data sources, curve smoothing and the fact that two different versions [3, 5, 6] of the charts (with significant differences at the outer percentiles) were used by the research and clinical communities. Analyses of these and other concerns have been published extensively [7] [8] [9] . These concerns led to the revision of the 1977 NCHS growth charts and release of the 2000 CDC growth charts.
This paper explores three issues related to the 2000 CDC growth charts. First, it clarifies the methods that were used to create the charts as it has become apparent that the smoothing techniques have been somewhat misunderstood. Second, given the concern that the infant charts were created with relatively few data points in the first few months of life, it compares the original observed percentiles with percentiles that include newly available US national data for the first few months of life. Third, it discusses the issues that arise if a 99th percentile of body mass index (BMI)-for-age is extrapolated based on the lambda, mu, and sigma (LMS) parameters.
Development of the 2000 CDC Growth Charts
Revision of the 1977 NCHS growth charts began in the 1980s during the planning of the third National Health and Nutrition Examination Survey (NHANES III) when infants and young children were oversampled for the precise purpose of revising the growth charts [10] . In the early 1990s, four workshops with invited experts were held to discuss a variety of questions related to the revision. Specific questions that were discussed included: Should ethnic-specific charts be created? Should sexual maturity be incorporated? What data should be used from birth to 3 months? What smoothing techniques? Should measures other than those in the 1977 version be included? Should low birthweight infants <2,500 g be excluded? And, what are the implications of the secular trend in bodyweight for the growth charts [11] [12] [13] ?
Decisions stemming from the workshops led to national survey data being the primary source of data for the growth charts and ethnic-specific curves not being created. Sex-specific weight-for-age, stature-for-age and BMI-for-age curves were created for ages 2 through 19 years and sex-specific weight-for-age, recumbent length-for-age, weight-for-recumbent length and head circumference-for-age were created for infants and children from birth to 36 months of age. A separate set of weight-for-stature curves, primarily for children 2-5 years of age, was also made available. Since there were no national survey data for birth, the national distribution of birthweights obtained from US vital statistics birth data was included in the weight-for-age charts, birth length data from the states of Wisconsin and Missouri were included in the length-for-age and weight-for-length curves and head circumference-for-age curves included birth data from the Fels [14] Longitudinal Growth Study.
The methods, including the data sources, used to create the 2000 CDC growth charts have been published elsewhere [15] . In summary, two data exclusions were made. Very low birthweight infants <1,500 g were excluded from the infant curves, and data for children ages 6 and above from the national survey NHANES III (1988-94) were excluded from the weight-forage and BMI-for-age curves because of a secular trend in bodyweight that occurred between NHANES II (1976-80) and NHANES III.
The smoothing techniques that were used to create the 2000 CDC growth charts have been somewhat misunderstood. In order to meet the needs of a good fit to the empirical data, to reduce or eliminate previous disjunctions, and to be sure that percentiles and z scores agreed, a combination of smoothing techniques was used. Selected percentiles (3rd, 5th, 10th, 25th, 50th, 75th, 90th, 95th, 97th and the 85th for BMI) for each set of curves were smoothed using a variety of parametric and nonparametric regression procedures. In a second stage, the transformation stage, the smoothed curves were approximated using a procedure to provide the transformation parameters LMS [15] . Only the selected percentiles listed above were used in this process due to small sample sizes beyond these percentiles. This method is not identical to the LMS method [16, 17] found in the literature.
Before release of the curves, an extensive evaluation was conducted. The curves were compared with external US data sets using a variety of statistical techniques such as goodness of fit tests, 2 tests, comparison of means over all ages, comparison to other curve-smoothing methods such as the LMS [16, 17] , first, second, third differences, and cumulative distribution frequencies. Graphical comparisons of the empirical data, smoothed data and 1977 curves were also undertaken. During this process, it became apparent that the infant length-for-age curves from birth to 6 months of age did not appear to match other US data sets such as the Pediatric Nutrition Surveillance System (PedNSS) [18] , the Child Health and Development Studies [19] and the Fels Longitudinal Growth Study [14] . Consequently, additional data from select clinics in the PedNSS were included in the length-for-age charts for infants less than 5 months of age (not including birth).
The 2000 CDC growth charts represent the US population during the national survey periods (1960s through the early 1990s) with the exceptions described above. They represent the racial and ethnic diversity of the US population and the distribution of breastfeeding during the same period. Complete documentation of the methods and development of the 2000 CDC growth charts has been published [15] .
Since the release of the 2000 CDC growth charts, several issues have arisen. These relate primarily to the shape of the infant curves between birth and 1 year of life and the use of the BMI-for-age curves to define extreme obesity in childhood.
Infant Charts and Data between Birth and 3 Months
In the construction of the 2000 CDC growth charts, there were no national data available from any of the national surveys between birth and 2 months of age. In the 3rd month of life, there were less than 40 observations from national surveys available for the weight-and length-related charts. Consequently, the infant curves were modeled using a family of three-parameter linear models before applying the transformation. As was discussed above, during the evaluation phase of the development of the growth charts, it was clear that the length curves did not match several external data sets during the first months of life, so additional, supplemental nonnationally representative data were added.
NHANES 1999-2006 included individuals of all ages from birth, so nationally representative weight and recumbent length data for the first months of life have become available since the release of the 2000 CDC growth charts. The original published weight-for-age and length-for-age empirical percentiles [15] associated with the 2000 growth charts can be compared with new empirical percentiles based on a combination of the original national data (excluding the supplemental birth to 3 months nonnational data) used in the growth charts and the 1999-2006 NHANES data for birth to 12 months of age. Combining the 1999-2006 data with the original data resulted in sufficient sample size to estimate percentiles with adequate reliability. The need to pool data from several surveys in order to have sufficient sample size for the creation of the original growth charts was discussed at one of the expert workshops [13] . With the new data, the sex-specific sample size is approximately 50 in the 1st month of life, 70 in the 2nd, 110 in the 3rd and approximately 200 in the subsequent months until age 1 year. This compares to no national data in the first 2 months of life, 40 observations in the third month and approximately 100-125 observations in the subsequent months until 1 year of age in the original growth chart data set [15] .
The original observed (nonsmoothed) weight-for-age and recumbent length-for-age percentiles [15] and the same estimated percentiles based on the original national data plus data from NHANES 1999-2006 are found in tables 1 and 2. A comparison between the two sets of estimates suggests that the weight percentiles for boys tend to be a little lower in the data set with NHANES 1999-2006 than in the original data. Similarly, the numbers suggest that the length percentile estimates which include NHANES 1999-2006 are higher compared to the original estimates during the first 3 months of life, particularly for boys. The observed median recumbent length in boys increased from 52.1 cm in the original data to 54.2 cm in the data which includes NHANES 1999-2006 and 50.8 to 53.1 cm in girls. The differences reflect both the fact that the NHANES 1999-2006 data are included and the fact that the supplementary data sets were excluded in the estimates based on the data set with the NHANES 1999-2006 data. The relative contribution 
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Original data percentile estimates published in reference [15] . of the inclusion of the NHANES 1999-2006 data vs. the exclusion of the supplementary data needs to be explained. Further analyses, including smoothing the curves without the supplemental data and with the newly available national data, will indicate how much of the shape of the curves was determined by the supplemental nonnational data vs. the lack of national data during the first few months of life. A change in birthweights reflected in the more recent NHANES data would not explain any differences since the national distribution of birthweights shifted to the left between 1990 and 2005 [20] .
BMI and Extreme Percentiles
During the development of the 2000 CDC growth charts, endocrinologists requested the inclusion of 3rd and 97th extreme percentiles [11] . At that time, no discussion occurred about the need for more extreme percentiles. Subsequently, there has been some interest in a more extreme percentile on the BMI-for-age chart in order to identify extremely obese children. The use of the 99th percentile has been recommended [22, 23] and publications have used the extrapolated '99th percentile' of the BMI-for-age growth charts calculated from the CDC-supplied LMS parameters available on the internet [24] even though the 2000 CDC growth charts were created using data only between the 3rd and 97th percentiles and extrapolation was not advised [15] . Some comparisons of the 2000 CDC growth charts to other charts have used the CDC-supplied LMS parameters to calculate extreme z score values even as high as 3 (equivalent to the 99.8th percentile) which also go well beyond the range of the data from which the CDC LMS parameters were calculated [25] . Percentiles beyond the 97th percentile were not evaluated when the 2000 CDC growth charts were released, and these uses go beyond the range of the data from which the CDC-supplied LMS parameters were calculated.
The primary problem with using the CDC-supplied LMS parameters to quantify extreme values is that these extrapolated curves are not well behaved. The extrapolated '99th percentile' curves calculated from the CDCsupplied LMS parameters do not have the same shape as the published 95th and 97th percentile curves ( fig. 1 and 2) . The LMS-calculated percentiles above the 97th (or z scores above 1.88) are outside of the data range from which the LMS parameters were calculated. The data were too sparse at the extremes to calculate extreme percentiles with any precision. A much larger data set would be required to reliably estimate extreme values in the tails of the distribution.
In general, the behavior of data in the very extreme tails of a distribution is difficult to model and requires additional sample assumptions. This type of modeling of the very extreme values of a distribution is a branch of statistics known as 'extreme value' theory. A Box-Cox transformation similar to LMS that also adjusts for kurtosis was developed by Rigby and Stasinopoulos [26] . The effect of this method on extreme percentiles has not been examined. Extreme percentiles are very sensitive to estimates for the skewness parameter. While a small amount of kurtosis may not impact greatly the middle part of a distribution, it can impact the tails. Moreover, an extremely large data set would be needed in order to estimate extreme percentiles (or z scores) with any precision.
Conclusion
The 2000 CDC growth charts represent an improvement to the 1977 NCHS growth charts and provide a general reference of the US population during the period of the 1960s through the early 1990s. Further research is needed to explore the infant growth curves, comparing the published curves with curves which include the newly available national data. The 97th percentile is the highest available percentile on the CDC growth charts and further efforts need to be made to find adequate cut-off values for extreme obesity in children.
Discussion
Dr. Moelgaard: I would like to know how you handle differences in racial groups, do you think that you can use the same curves for all racial groups up to 20 years, and is optimal growth the same for all races up to 20 years?
Dr. Ogden: The WHO charts [1] show that differences in growth between race/ ethnic groups are due to socioeconomic, health and feeding differences, and so I think that you could use the same charts.
Dr. Moelgaard: But do you have any race-related differences in your own data? Dr. Ogden: African-American girls are heavier than White girls in the US. Comparing Mexican Americans and Whites, differences are not consistent. You might find one age/sex group where there is a difference.
Dr. Islam: When the NCHS standard chart came out, it was thought that it was a universal chart, and that it was good for use all over the world for all races and in all countries. As you know, in the 1978 Geneva Convention it was agreed that we should use the standard chart until each nation has its own separate chart, and now again the WHO chart has come. Does this mean that we don't need a national chart anymore? Could the WHO chart be universally applicable?
Dr. Ogden: In the US, we use the CDC charts because they represent the US population and because they are a general reference. I think that there has been an interest in having the growth charts as a general reference, but people may make different decisions in different countries.
Dr. Davies: I have got two questions, a theoretical one and a more practical one. Why did you calculate the LMS data from the smooth centiles rather than the original data, because by doing that, as you quite rightly said, you then limit the use of those LMS studies to get the more extreme centiles or z score for that matter. And the practical question is, you gave us some new concepts relating to defining obesity using BMI from your data. If you are to use those cutoffs on any given data set, how would they compare to the International Obesity Task Force cutoff published by Tim Cole a few years ago.
Dr. Ogden: On the first point, this method actually fits the data the best. When LMS was applied directly on the data, those results were compared to this other method, of smoothing the data first. This other method fitted the data better, so that was really the driving factor. When comparing with the IOTF cutoff points [2] , there are some differences. The IOTF cutoff points include the data from the CDC growth charts, but the cutoff points are a little bit different. The IOTF are based on BMI of 25 (overweight in adults) and 30 (obesity in adults) at age 18, so that they match the adult definitions. There are some slight differences, but they are not as big as you might think. Looking at NHANES III [3] data from 1988 to 1994 in the US, if you use the CDC 95th percentile, you actually get a higher prevalence than the IOTF obesity cutoff point [4] . If you look at the IOTF overweight cutoff point, the prevalence is slightly higher in the early years but similar in the early teens.
Dr. Batubara: I would like to know the differences between the ethnicities in America because in Netherlands, for instance, different growth charts for different ethnicities are being used. The other thing that I would like to ask is why only new data were added to CDC 1997 to create CDC 2000? By doing so you cannot see the secular trend, you don't know if height and weight will be improved or not.
Dr. Ogden: The 2000 charts are a modification of the older charts from the 1970s [5] . The HES and NHANES I data included in the 2000 charts were also included in the old charts. I think the biggest problem with the old charts was the data for infants and young children. These data weren't nationally representative and were based on formula-fed infants. The older children charts of the 1970s were based on national surveys, and those data were used in the 2000 charts in addition to the new data from NHANES II and NHANES III (except for weight from NHANES III for children aged 6 years and older because of a secular trend in weight). Concerning your other question, the US is a mixed population and maybe 5% is Asian right now. We are comparing everyone to that same reference. Unfortunately, in NHANES we don't oversample Asians. Right now, all we can do is look at Mexican Americans, African Americans and Whites, and there are differences related to obesity.
Dr. Batubara: Do you think that in the clinical settings a standard chart would be better than a reference chart?
Dr. Ogden: I can say that when we discussed the use of WHO charts in the US, it was a very interesting discussion between experts in different areas. There were differences of opinions particularly related to the issue of a standard vs. reference.
Dr. Lucas: I was delighted from a conceptual point of view that you defined extreme obesity, the 99th centile, in terms of the percentage risk of having a risk factor for heart disease and later obesity. But why stop at the 99th centile? Is it worse from the point of view of cardiovascular disease risk and obesity risk to be on the 75th centile rather than the 50th centile? NHANES should be able to answer that, you have got all the data, and if the answer to that is yes then it actually makes a bit of a nonsense of reference standards or using centile charts because most people regard the 75th centile as normal.
Dr. Ogden: I think that this is a huge question. If you look at David Freedman's work [5, 6] , the relationship is relatively flat until about the 95th percentile, and it's really after the 99th percentile (and 97th percentile) that there is a sharp increase. Some of the work that we have been doing on lipid levels and body fat using DEXA in kids 8 through 19 years of age shows that the majority of the kids with BMIs between the 85th and the 95th percentiles do not have elevated lipid levels. These are statistical definitions and we don't have a risk-based definition of excess fat in kids.
Dr. Lucas: You have the data? Dr. Ogden: We do have a paper where we are looking at some of the risk factors, such as lipids, and body fat. But again, there is no set definition of what is too much body fat.
Dr. Lucas: The data concerning risk factors for heart disease in children are a bit harder.
Dr. Ogden: The prevalence of these risk factors is low in children; it's a problem of sample size for NHANES.
Dr. Lucas: What I am saying is you have got the later data and you can then look back at it.
Dr. Ogden: But let's say you want to look at diabetes in teenagers. The prevalence is so low, you can't really do analyses using national survey data, that's all I am saying.
Dr. Davies:
The Australian Government agreed to undertake the review of which was the best growth chart to use for monitoring infant growth, which of course is going to be great fun and a barrel of laughs. So I just wondered when your new infant data is going to become official.
Dr. Ogden: I presented our research project. We plan on writing a paper to show how the curves change when these new data are added.
Dr. Haschke: Can you give us some hints how big the sample size of a reference population has to be to calculate a safe 99th percentile? If the cohort includes 2,000 infants (same sex, age), the 99th percentile is related to weight or length of 20 kids only. Alan Lucas was asking if we should use other percentiles as cutoffs, e.g. the 85th or the 95th percentiles.
Dr. Ogden: You want to have at least 10 above the 99th percentile, so that would be a sample size of at least 1,000, but that's not a hard and fast rule.
Dr. van Buuren: I am a bit surprised to see the way the fitting is done in two stages because that methodology was used in the 1980s and at the beginning of the 1990s. Today, it has essentially been replaced by the LMS method. I think that many of the problems that you mention concerning the outer centiles, the instability and the combining of different groups as you showed for the PedNSS data can be solved much more elegantly nowadays by using more modern statistical technology. Don't you think it's time to abandon the two-step approach?
Dr. Ogden: I would agree that we should investigate other methods, but it was feIt that this method was the most flexible way of actually fitting the data.
Dr. Manzoor Hussain: It has been mentioned that there is not much difference between the WHO and CDC charts after 2-3 years. What could be the possible explanation in your opinion?
Dr. Ogden: That is a very good question. The WHO charts are based on crosssectional data after age 2, as are the CDC charts. The CDC charts are based on the US population, a generally healthy population, maybe that explains it, but I haven't done any work in terms of really answering that question.
